. Relationship between roll-off occurrence and spatial distribution of dehydrated tissue during RF ablation with cooled electrodes. International Journal of Hyperthermia. 28 (1) 
Introduction

Radiofrequency (RF) ablation (RFA) is a minimally invasive ablative technique that allows
the treatment of tumors [1, 2] . It uses RF current (≈500 kHz) to produce a coagulation zone characterized by a thermal lesion which destroys the tissue by a necrosis process. The coagulation zone is defined as that zone including irreversibly damaged tissue, i.e. with temperatures above 50ºC [3] . The electrical current is delivered to the tissue through a small active electrode placed in the center of the tumor and a large dispersive electrode located on the patient's back. One of the most widely used electrodes is the cooled electrode [4] , which consists of a single metal needle typically 30 mm long, inside which cooled water (5−10ºC) is circulated by means of a hydraulic circuit. This cooling prevents tissue on the electrode surface becoming totally dehydrated and therefore charred [5] . A special feature is that it shifts the most highly desiccated zone 1−2 mm away from the electrode surface. During the operation it is usual to observe a sudden increase in the electrical impedance measured between the active and dispersive electrodes, with a consequent drop in electrical power. This phenomenon is known as roll-off and has been traditionally associated with the high temperatures (≈100ºC), vaporization phenomenon and hence dehydration of the tissue.
Standard operation with a cooled electrode uses a constant-impedance mode for delivering RF power, which is based on a pulsed protocol: roll-off causes the cessation of the RF pulse, which returns after a short pause. Roll-off impedes the lesion growing, and makes longer the treatment. It would be important to know more about the phenomena associated with roll-off to minimize its appearance.
It has been reported that the addition of hypertonic saline perfusion at 2 mm from the electrode surface improves the performance of the cooled electrode by increasing the volume of the coagulation zone obtained from the cooled electrode only [6, 7] . This improvement is also associated with a delay in the emergence of roll-off [8] . We think that the possible 4 physical explanation of these results is that the infused saline impedes the dehydration of the zone of tissue responsible for roll-off. As far as we know, pronounced dehydration and vaporization processes occur at tissue temperatures around 100ºC [3] . The resulting loss of water content consequently involves an abrupt drop in electrical conductivity (). Since the  value at different points on the tissue determines total impedance, this could indicate a relationship between the zones reaching 100ºC (dehydrated tissue) and the evolution of impedance. It is now known that the coagulation zone begins in the tissue close to the electrode, i.e. at the tip and the proximal edge (see Fig. 1 ). This is due to the edge effect, i.e. the electrical power (Specific Absorption Rate, W/m 3 ) is mainly deposited in these zones [9] .
In addition, in the first few seconds tissue temperature can reach up to 100ºC in these zones, which is associated with the gas bubbles observed by means of ultrasound guidance [10] .
From computer modeling studies [9] we know that the coagulation zone is then enlarged by thermal conduction, in particular around the central electrode zone. It is therefore reasonable to conclude that the highly desiccated tissue zone (≈100ºC) also extends in the same direction (see Fig. 1 ). Although many theoretical [9, 11, 12] and experimental [11] [12] [13] studies have assessed the thermal performance of the cooled electrode, the exact relationship between spatial-temporal distribution of the dehydrated tissue and the occurrence of roll-off has yet to be characterized in detail. In this respect, we hypothesized that the roll-off episode coincides approximately with the time when the tissue around the center of the active electrode becomes highly desiccated (around 100ºC), i.e. when the entire electrode is completely encircled by the dehydrated tissue. Our aim was to demonstrate this hypothesis by means of a double theoretical modeling and experimental approach.
Methods
Experimental study
5
The experimental study was conducted on ex vivo tissue. A piece of fresh bovine liver (3.5 kg) was positioned in a 600 cm 2 container on a dispersive electrode (aluminum foil). A 3 cm long Cool-tip was used connected to a CC-1 RF generator (Radionics, Burlington, MA, USA). Three lengthwise points were chosen close to the electrode surface to measure temperature evolution: 0.5, 1.5 and 2.5 mm from the tip (T1, T2 and T3 in Fig. 2 , respectively). T2 coincided exactly with the center of the electrode, so that a custom-made multi-thermocouple Series T-type probe (Physitemp Instruments, Crifton, NY, USA) was employed. It consisted of three ultra-fine thermocouples embedded in a flexible Teflon-coated probe of 17-gauge diameter. We used a narrow gage (<1 mm) nylon thread to tie the multithermocouples probe to the electrode. This knot was located away from the electrode tip to avoid its influencing the heating process (see 
Theoretical model
The theoretical model was based on a coupled electric-thermal problem and was solved Table I [14, 15] . We considered temperature-dependent functions for the electrical and thermal conductivity [16] (see Fig. 5 ). For the thermal conductivity (k) we considered linear growth of 0.0015/ºC up to 100ºC, after which k was kept constant [17] . The electrical conductivity () grew exponentially +1.5%/ºC up to 100ºC [18] , between 99 and 100ºC was kept constant and then  decreased linearly 4 orders for five degrees (i.e. up to 105ºC) [12, 17] . The governing equation for the thermal problem is the Bioheat Equation [16] :
where T is temperature, t is time,  is density, c is specific heat, k is thermal conductivity, q is heat source produced by RF power, Q p is heat loss from blood perfusion and Q m is metabolic heat generation. The term Q m was not considered since this effect is insignificant in the RFA.
The blood perfusion term Q p was not considered since the theoretical results were later compared to the experimental results obtained from an ex vivo model. The heat source q (Joule losses) is given by q=JE, where J is current density and E is electric field strength.
Both were obtained from the electrical problem, which used the Laplace equation as governing equation  2 V=0, where V is the voltage. The electric field was calculated by means of E = −V and J using Ohm's law (J= E). We used a quasi-static approach, i.e. the tissues were considered as purely resistive [16] , due to the value of the frequencies used in RF (≈500 kHz) and for the geometric area of interest (electrical power is deposited in a very small zone close the electrode). Tissue vaporization was considered in the case of the hepatic tissue and we varied the formulation proposed in (1) according to the enthalpy method [17] .
The product densityspecific heat of the liver at the gas phase was 79810 3 J/K·m 3 [15] . The latent heat was 1.5410 6 J/Kg, which corresponds to a water fraction of 68% inside the liver tissue. The liver density in the change of phase was 179 kg/m 3 .
The electrical boundary conditions were zero current density in the transversal direction 
Results
Experimental results
Initial temperature was 16.9±2.0ºC (mean of T1, T2 and T3), and initial impedance was 98.8±5.6 . Fig. 6 shows mean temperature progress recorded at T1, T2 and T3, along with mean impedance evolution for the 20 ablations. We observed that temperatures at T1 and T3
increased quickly up to 100ºC (≈ 20 and 40 s, respectively), i.e. these zones of tissue became dehydrated, in spite of which impedance continued decreasing. On the other hand, the temperature at T2 increased more slowly, became approximately steady around 50 s and 8 reached a maximum value of 99ºC at about 60 s. Impedance reached a minimum of 65  (plateau) around 40 s, began increasing at 50 s and continued rising throughout the procedure, reaching a value equal to the initial value at 70 s. Fig. 7 shows mean values and standard deviations of T1, T2, T3 and impedance.
Theoretical modeling results
The theoretical results were obtained with the double aim of showing the validity of our hypothesis from a theoretical point of view and to compare them with the experimental results. Fig. 5 shows the evolution of the theoretical impedance measured between the active (cooled) electrode and dispersive electrode. Fig. 8 shows the theoretical temperature distributions in the tissue around the electrode (above) and the progress of the 100ºC isotherm in the same zone (below) at four specific times. We observed that, as in the experimental study, impedance was initially ≈100 , dropped to ≈73  (plateau), began increasing at 50 s and reached the an impedance value equal to the initial value at ≈78 s, which approximately coincided with the time when the 100ºC isotherm completely surrounded the electrode (see Fig. 8 ).
Discussion
The aim of this study was to demonstrate that the appearance of the roll-off is closely associated with the time when the tissue in the electrode middle zone reaches temperatures ≈100ºC, i.e. when dehydrated tissue completely surrounds the electrode. There are different ways of defining roll-off, from the time when impedance begins increasing to when it exceeds the initial value by 30 . In this context, we considered roll-off as the phenomenon when impedance starts to rise after remaining more or less constant (plateau). We therefore employed this criterion and focused on the time relation between the occurrence of roll-off and the spatial distribution of the severely desiccated tissue, i.e. reaching temperatures ≈100ºC. This was done by means of a double approach: theoretical modeling and experiments.
Even though the results from the two approaches are slightly different, they both suggest that the hypothesis could be true. The experimental results showed that impedance began increasing when temperature in the mid-electrode zone (T2) attained a more or less steady value (i.e. at 50 s). The theoretical results showed that impedance began increasing at 50 s, the experimental temperature then reached a maximum value of 99ºC around 60 s and impedance reached a value equal to the initial value at 70 s. Likewise, the impedance computed from the theoretical results reached a value equal to the initial value at ≈78 s, which approximately coincided with the time when the electrode was entirely within the 100ºC
isotherm.
The theoretical model used here to check the hypothesis considered the sudden drop in tissue electrical conductivity and latent heat, as used by Haemmerich [9] , including tissue vaporization by the enthalpy method. This author also conducted an ex vivo experiment in order to validate his theoretical model by measuring temperatures and impedance at distances of 10, 15 and 20 mm from the middle zone of a cooled electrode. As these distances are too far from the points where tissue reaches ≈100ºC, no information about the relationship between roll-off and 100ºC isotherm zones could be obtained from his study. In our study we focused on this zone, and for this reason we used an ultra-fine custom-made multithermocouple probe, which allowed us to measure the temperature at three different locations close to the electrode surface along its longitudinal axis. With this setup our experimental results also allowed us to confirm the hypothesis.
This study also had other limitations. Although the temperature sensors were very thin, Both the experimental and theoretical findings suggest that the instant when roll-off occurs (when impedance starts to increase) is closely related to the time when dehydrated tissue reaches the middle zone of the electrode, i.e. when the area close to the electrode reaches a temperature around 100ºC. This conclusion could provide an explanation for the previous experimental results obtained with a hybrid applicator based on a cool-tip electrode combined with a low-rate interstitial infusion of hypertonic saline at 2 mm from the electrode surface and exactly in the middle zone [6] . To be more precise, the saline infusion at that point could significantly delay roll-off, which could be due to the saline impeding severe tissue desiccation at this point. Liver 0.128 (1) 0.472 (2) 1080 3455
, electric conductivity; k, thermal conductivity; , density; c, specific heat.
(1) Assessed at 17ºC (initial temperature). This allows theoretical initial impedance (≈100 )
to match the experimental mean value.
(2) Assessed at 17ºC [14] . 
Figure 3
Experimental setup to record temperatures and impedance evolution. The multi-thermocouple probe and electrode were jointly inserted into the tissue.
The electrode was internally cooled by a peristaltic pump.
Figure 4
Geometry of the two-dimensional theoretical model (out of scale, and dimensions in mm). The domain is divided into three zones: plastic portion of the electrode, metallic electrode, and hepatic tissue.
Figure 5
Change in the tissue thermal and electrical conductivity with temperature. 
Figure 8
Temperature distributions computed from the theoretical model (top, scale in ºC) and progress of the 100ºC isotherm in the tissue (bottom). Note that the 100ºC isotherm completely encloses the electrode at ≈80 s.
